A well know effect is that work hardening can stabilize tension processes, as can be shown by the so-called maximum force condition. It is not well known that bending-under-tension can have a similar effect, namely that it can create a situation where the tension force increases with elongation therefore stabilizing the process. This happens in situations where the bending is so severe that the fibers at the inner side are in compression. This mechanism is explained. In cases where the bending radius is constant, for example determined by a tool, the created stable elongation is proportional to the thickness of the material. In cases where the radius is not constant but results from an equilibrium between pulling force and bending moment the situation is more complex. The situations are analyzed by a simple model and successfully verified with experimental results.
INTRODUCTION
It is a well established fact by now that the occurrence of bending affects the formability of sheet metals. This is for example noticed in the measurement of FLC's by Nakazima tests where a reduction of the punch radius increases the limit strain. In a previous paper the authors have discussed the effect of contact stress on formability [1] and noticed that the presence of a normal stress at the tool contact indeed can raise the formability, but only limited. In the present paper another phenomenon will be discussed: stability by bending-under-tension.
STABILITY IN TENSION

General Considerations
It can be shown that in general, if a piece of material is subjected to elongation by a tension force, the elongation will be stable if and when the pulling force increases with elongation. In practice this means that instability starts when the force reaches a maximum, hence the name: maximum force condition. For the mechanism to operate there must be some way that the force can increase. In most cases this is caused by material hardening, and a well known result is that in a conventional tensile test the instability starts when  = n, assuming power-law hardening with power n. Now consider the situation where some part of the cross-section of the specimen that is elongated is actually in compression. This will reduce the effective pulling force without having to alter the flow stress. It will be clear that the pulling force strongly depends on how much of the cross-section is in compression; if one half is in compression the force will be zero (in first approximation). If there is some way to influence the part of the cross-section in compression, then also the net pulling force will be influenced and this might create a mechanism to raise the pulling force with elongation. It might seem strange to think of a situation where a material is elongated while some part is in compression, but this can be achieved by bending. Figure 1 , left presents the strain state in a strip of thickness t that is bent and stretched at the same time. The net elongation is e, the elongation of the centre fiber. The bending radius of the centre line is R. The elongation shifts the neutral line over a distance eR. The lower part of the strip (at the concave side) is in compression, but that is only the case when the bending radius is not too large, more specific when:
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For a more detailed analysis two cases will be distinguished: constant radius and non-constant radius.
Constant Radius
A situation of constant radius arises for example when the bending radius is simply determined by a tool radius, or by other specified details of the forming process. In that case the shift of the neutral line is simply proportional to the elongation of the material, see Fig. 1 . If we assume a very simple case of a non-hardening material with flow stress  f (Fig. 1, right) , the pulling force depends on the net elongation as presented in Fig. 2 . Initially the force is proportional to the elongation, clearly a stable situation. This situation however is only present as long as e < t/2/R, or: as long as the neutral line is still within the strip, or: as long as the basic condition (1) is satisfied. The condition of non-hardening is generally not met in a practical situation, although in case of prestrained metals the actual situation is really not that much different as discussed below. More relevant however is that more elongation simple means less material in compression and consequently a higher force, but only as long as condition (1) is met. In many practical situations the range of stable elongation will be small (t/2/R) but larger levels can be obtained by applying multiple bending operations. This stable range is proportional to the thickness, and this leads to an important conclusion: for a situation of truly constant bending radius, the formability of the material becomes proportional to its thickness, of course for situations where the formability indeed has to be created by the bending effects. It is a well known fact in sheet metal working that thicker materials are less critical, meaning: better formable, but a situation where the formability becomes proportional to the thickness is rare.
Examples are found in the field of can shaping, meaning the re-shaping of the wall of beer and beverage cans. The material of the wall is heavily cold worked by deep drawing and wall ironing and has lost all its ductility: it fractures immediately in a tensile test. Yet it can be formed by incremental techniques. Some results are presented in Fig. 3 , these results have been obtained from three series of completely different tests, that two series coincide is just accidental. The round points were obtained by spinning, where obviously the radius is constant (the tool radius). The triangular points were obtained by water jet forming, an incremental technique with a high-pressure water jet de-scribed in [2] . Detailed observations showed that for the actual radius around the impact point of the water jet is constant in first approximation and independent of the wall thickness, although it does depend on the specific can geometry. All results indicate that the formability is indeed proportional to the wall thickness, indicating stability by bending-under-tension. 
Non-Constant Radius
In many practical situation the radius will not be constant, governed for example by a tool, but will be determined by an equilibrium between pulling force and bending moment. This will mean that quite possibly the radius will change when the net elongation will change, so in general R is a function of e: R = R(e). Possibly R might decrease with increasing e, but as long as e.R(e) still increases there can be stability. We will now check this using a simple model. Figure 4 shows the situation where a strip is pulled over a radius with force F P , but not tight. The actual radius of curvature at the point of contact A is R, and is larger than the tool radius r. If M A is the bending moment at the point of contact A, then a balance yields: M A = F P L. Now considering the situation shown in Fig. 1 and again assuming a non-hardening material with flow stress  f we can derive the following equations for the tension force and moment per unit width at point A as a function of e, using F A = dz and M A = zdz (per unit width): (2) and:
These relations are shown graphically in Fig. 7 below. The parameter  defines the position of the neutral line, = 0 means pure bending and when = 1 the neutral line is positioned just at the strip surface. We will now further assume that in the situation of Fig. 4 the distance L is proportional to the local bending radius R: L = a 0 R where a 0 is some geometrical parameter. This yields the following condition:
Note that this condition cannot have a solution for > 1 as that requires M = 0. Solving (2), (3) and (4) 
This solution shows that indeed the actual bending radius R decreases with increasing strain increment e which means that the strip will be pulled more tightly against the tool radius. There is of course a minimum, as the strip radius can never become smaller than the tool radius. Finally using (2):
where w is the strip width. Relation (6) is pictured in Fig. 5 as the solid line. The condition of non-hardening material will be discussed further below. The model is simple and has its shortcomings, nevertheless it is able to explain several experimental observations. A. If a = 0 then F = F 0 ; a = 0 corresponds to a situation without any bending (M = 0) and not surprisingly one finds the normal pulling force. B. For small values of e (e<<2a) one can approximate R ≈ t/2/√(2ae), see equation (5), consequently:
This relation is pictured in Fig. 5 by the dashed line. This means that the force is a simple square-root function of e. For large values of e one gets R ≈ t/2/e and consequently F = F 0 = constant.
Verification of this mechanism is not straightforward. A possibility is to use tensile tests with continuous bending, the so-called CBT test, that is described in [3] . A selection of results is presented in Fig. 6 . This figure shows the measured relative pulling force as a function of pulling speed for three 1 mm thick materials, and a theoretical curve based on Eq. 2. In this case the results are plotted as a function of pulling speed, but that is proportional to the strain increment e. For low values of speed (read: e) the expected relation is a square-root relation, and the experimental results agree with that excellently. For higher values there is a deviation, and also a difference between the material classes that is most presumably caused by the difference in strain-rate hardening. The steel results seem to follow a square-root relation to higher values of the speed than the aluminium results. For the theoretical line in Fig. 6 the value of a (and a 0 ) was 0.011. This section presents only a brief analysis. A more detailed analysis will be presented in a future paper. From that analysis it was concluded that that the two lines in Fig. 5 are more or less limiting cases: most practical results lie somewhere between these lines. 
Justification
The analysis presented above is based on an assumption of non-hardening material and ignores second order effects. This does seem a severe limitation. Based on these assumptions relations of force and moment have been derived that were presented in Eq. (6) and Eq. (7), and are shown graphically in Fig. 7 .
e.R To justify this a more correct analysis has been carried out as well with a 'proper' material showing power-law hardening () = C( 0 +) n with n = 0.2 and including thinning by stretching, and using different levels of pre-strain  0 . The force and moment have been calculated incrementally, albeit with a constant bending radius but that does not affect the conclusions. The results are shown in Fig. 8 . This graph shows that even for a modest amount of pre-strain (0.2, equal to n) the correct relations differ only slightly from the idealized relations presented in Fig. 7 . Therefore the use of these idealized relations is justified. Furthermore, in case of low pre-strain the material still hardens considerably, meaning that stability will be created by work-hardening, and the need for an additional stabilizing effect is small.
DISCUSSION
The previous sections have analyzed the stabilizing effect of simultaneous bending in a stretching operation. The outcome is that simultaneous bending will stabilize the stretching operation as long as the inner fibers are in compression. It is important to emphasize that this stabilizing effect differs principally from that of simultaneous shear or contact stress. Shear and contact stress can stabilize a stretching operation, but in an absolute way, meaning that the instability limit as for example expressed by the FLC will simply be lifted to a higher value. This has been analyzed in detail in [4] . The stabilizing effect of bending however differs. Considering the situation of constant bending radius, a stable elongation is created up to a strain equal to t/2/R. This is in many cases a small value, so this effect does not seem spectacular. However such a stable elongation arises at every bending operation, and large levels of uniform elongation can be obtained by repetitive bending. A consequence is that the amount of stable elongation is proportional to the material's thickness, and this has been confirmed by experimental observations.
In case of a non-constant bending radius, meaning that the bending radius is controlled by a balance between pulling force and bending moment, the situation seems even more spectacular. The simple model presented above predicts that stable elongation will be obtained always. This would imply infinite formability, but it is not as simple as that, elongation will be limited. The first limit comes from the fact that the actual bending radius cannot become smaller than the tool radius. As soon as that occurs the situation becomes a case of constant radius that of course is still stable to some extent. The second limit comes from the fact that during elongation the material thins constantly so that finally the neutral line shifts outside the material and the stabilizing effect will be lost eventually. The third limit comes from the fact that repetitive bending will cause fatigue that will limit the process, notably for materials that are known to be sensitive to low-cycle fatigue. Of course this is also the case for constant-radius situations. Furthermore the value for a is kept constant but quite presumable this will not be the case in practice. Finally, if the situation is stable in principle, but the stabilizing effect is small, the situation will become sensitive to disturbing effects and an instability might arise anyway.
Nevertheless, the conclusion is that if in a situation of combined bending and stretching the inner fibers are in compression, the stretching operation will be stabilized to some extent. This links stability to the situation at the concave side, but in no way should this mechanism be confused with the so-called concave side rule. That rule links stability with the strain at the inner fibers still being below the stability limit in flat conditions like for example expressed by the FLC. However, in now way can stability be linked to individual fibers being stable or not. Metals do not have fibers, and that word is only used metaphorically. Stability is by definition related to the whole crosssection, not part of it.
The analysis in this paper has focused on 2D bending situations. In many practical situations the bending will be 3D, as for example in incremental sheet forming. The available space here does not permit a full 3D treatment, but the fundamentals of the analysis do not change. As long as the fibers at the concave side of the bent part in the direction of the main tension are in compression, stabilization can occur. In fact the results presented in Fig. 3 have been obtained in a 3D bending situation, and the obtained formability does agree with the general condition (1) . This leads to a final conclusion that the fundamental condition (1) for stability is valid in general, both in 2D and in 3D bending.
